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Cytochrome p450 enzymes (Cyps) are major phase-I xenobiotic-

metabolizing enzymes. Cyps are regulated by many environmental

chemicals and drugs. However, knowledge about regulation of Cyps

by perfluorocarboxylic acids (PFCAs), which are persistent in the

environment, is limited. Two days after a single i.p. administration

(50mg/kg) of perfluorooctanoic acid (PFOA) and perfluorodecanoic

acid (PFDA) increased mRNA expression of Cyp2B10 (20-fold),

3A11 (two-fold), and 4A14 (32-fold), but not Cyp1A1/2 in mouse

livers. PFDA and PFOA also markedly increased protein expression

of Cyp2B (50-fold) and 4A (10-fold). PFDA increased Cyp4A14

mRNA expression at relatively low doses (0.5 mg/kg), but increased

Cyp2B10 mRNA expression only at high doses (> 20 mg/kg). By

using constitutive androstane receptor (CAR)-, pregnane-X re-

ceptor (PXR)-, peroxisome proliferator–activated receptor alpha

(PPAR)-a-, and farnesoid X receptor-null mouse models, PPAR-a
and CAR were shown to play central roles in the induction of Cyps

by PFDA. Specifically, PFDA increased Cyp4A14 mRNA expres-

sion in wild-type (WT) mice, but much less in PPAR-a-null mice.

PFDA increased Cyp2B10 mRNA expression in WT mice, but not

in CAR-null mice. In addition, PFDA increased mRNA expression

and nuclear translocation of the transcription factor CAR.

Therefore, the current studies provide important insight into

understanding the regulatory mechanisms initiated by PFCAs,

and may help to better predict and understand the toxicokinetics

and toxicodynamics of various PFCAs. In conclusion, PFCAs

increased Cyp2B10 and 4A14 expression by activating PPAR-a and

CAR nuclear receptors, respectively. PPAR-a is activated at much

lower doses of PFDA than CAR.
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Due to their surfactant properties as well as chemical and

thermal stability, certain perfluorocarboxylic acids (PFCAs)

have been used extensively in a number of commercial and

customer products, such as Scotchgard products and in making

Teflon brand products. These perfluorinated compounds have

been detected in birds, fish, bears, and humans (Calafat et al.,
2006; De Silva and Mabury, 2006; Falandysz et al., 2006;

Sinclair et al., 2006; Smithwick et al., 2005; So et al., 2006).

Perfluorochemicals have become a public health concern in

recent years as studies have revealed their persistence in the

environment, and as data have emerged about their toxicity (So

et al., 2006). The liver is thought to be a prime organ of effect for

perfluorocarboxylic acids, due to efficient hepatic uptake and

persistence in the liver (Vanden Heuvel et al., 1991a, b; Van

Rafelghem et al., 1987). PFCAs, such as perfluorooctanoic acid

(PFOA, also known as C8) and perfluorodecanoic acid (PFDA,

also known as C10), are peroxisome proliferator–activated

receptor alpha (PPAR-a) activators and capable of triggering

oxidative stress, and increasing proinflammatory cytokine tumor

necrosis factor (TNF-a) secretion (Adinehzadeh and Reo, 1998;

Langley, 1990; Takagi et al., 1991; Vanden Heuvel et al., 2006).

Cytochrome p450 enzymes (Cyps) are major phase-I

xenobiotic-metabolizing enzymes. Cyps are induced by many

environmental xenobiotics and drugs. For example, dioxin-

related compounds activate the aryl hyrdrocarbon receptor

(AhR), and thus induce Cyp1A1 expression (Denison and

Deal, 1990; Whitlock, 1999). Polybrominated diphenyl ethers

increase mouse Cyp3A11 expression, which is dependent on

pregnane-X receptor (PXR) activation (Pacyniak et al., 2007).

A recent paper showed that PFOA altered most genes in mouse

liver through PPAR-a activation, and induced a similar subset

of genes as those induced by phenobarbital and 1,4-bis-[2-(3,5-

dichloropyridyloxy)] benzene (TCPOBOP), two CAR activa-

tors (Rosen et al., 2008). However, the detailed regulatory

mechanism was not further characterized in their studies. Thus,

the purpose of this study was to determine whether the

expression of mouse Cyp1A1/2, 2B10, 3A11, and 4A14 are

altered by PFOA and PFDA, two widely used PFCAs, and to

determine the underlying mechanisms accounting for the

regulation of Cyps by PFCAs.

MATERIALS AND METHODS

Materials. Sodium chloride, HEPES sodium salt, 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) free acid, lithium lauryl sulfate,
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ethylenediaminetetraacetic acid, and D-(þ)-glucose were purchased from

Sigma-Aldrich (St Louis, MO). Micro-O-protect was purchased from Roche

Diagnostics (Indianapolis, IN). Formaldehyde, 4-morpholinepropanesulfonic

acid, sodium citrate, and NaHCO3 were purchased from Fischer Chemicals

(Fairlawn, NJ). Chloroform, agarose, and ethidium bromide were purchased

from AMRESCO, Inc. (Solon, OH). Perfluorooctanoic acid (96% purity) and

perfluorodecanoic acid (98% purity) were both purchased from Sigma-Aldrich

Co. (St. Louis, MO). All other chemicals, unless otherwise indicated, were

purchased from Sigma-Aldrich Co.

Polyclonal antibodies of anti-rat Cyp2B1/2 (XenoTech, Inc., Lenexa, KS),

anti-rat Cyp4A1/2/3 (Chemicon International, Inc., Temecula, CA), anti-mouse

CAR1/2 (M-150) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), b-actin

antibody (ab8227) (Abcam, Inc., Cambridge, MA), and goat anti-rabbit IgG

horseradish peroxidase-linked secondary antibody (Sigma-Aldrich Co.) were

purchased, individually. According to the manufacturer’s instruction, anti-rat

Cyp2B1/2 and anti-rat Cyp4A1/2/3 antibodies can recognize their mouse

ortholog Cyp2B and Cyp4A, respectively.

Animals and treatment. Eight-week-old adult male C57BL/6 mice were

purchased from Jackson Laboratories (Bar Harbor, ME), and housed according

to the American Animal Association Laboratory Animal Care guidance. For the

dose-response study of PFDA, adult C57BL/6 male mice were administered

a single i.p. dose (0.5, 1.0, 10, 20, 40, or 80 mg/kg of body weight). Control

mice were treated i.p. with the vehicle, propylene glycol:water (1:1, vol/vol).

Two days later, livers were removed, immediately frozen in liquid nitrogen, and

stored at �80�C.

Breeding pairs of farnesoid X receptor (FXR)-null mice (Sinal et al., 2000)

and PXR-null mice (Staudinger et al., 2001) in the C57BL/6 background were

kindly provided by Dr Frank J. Gonzalez (National Institutes of Health/

National Cancer Institute, Bethesda, MD). Breeding pairs of CAR-null mice in

the C57BL/6 background were obtained from Dr Ivan Rusyn (University of

North Carolina, Chapel Hill, NC), which were engineered by Tularik, Inc.

(South San Francisco, CA), as described previously (Ueda et al., 2002). Each

type of null and C57BL/6 mice (n ¼ 5) were administered a single i.p. dose of

PFOA (40 mg/kg), PFDA (80 mg/kg), or the vehicle propylene glycol:water

(1:1, vol/vol). Two days later, livers were removed and snap-frozen in liquid

nitrogen and stored at �80�C.

The PPAR-a-null mice originally engineered by the laboratory of Dr Frank

J. Gonzalez (Lee et al., 1995), were back-crossed to a C57BL/6 background

(Akiyama et al., 2001), and bred and housed at an the American Animal

Association Laboratory Animal Care guidance-accredited facility at Pennsyl-

vania State University (University Park, PA). The PPAR-a-null mice and their

wild-type (WT) controls were treated in the laboratory of Dr Jeffrey M. Peters

(Pennsylvania State University, University Park, PA); the dose of PFDA was

decreased to 40 mg/kg due to increased lethality at the dose of 80 mg/kg. Two

days later, livers were collected, frozen and shipped to the University of Kansas

Medical Center (Kansas City, KS) for further studies.

Total RNA isolation. Total RNA was isolated using RNA Bee reagent

(Tel-Test, Inc., Friendswood, TX) per the manufacturer’s protocol. The

concentration of total RNA in each sample was quantified spectrophotomet-

rically at 260 nm.

Branched DNA signal amplification assay. The mRNA of mouse genes

were quantified using the branched DNA (bDNA) assay (Quantigene bDNA

signal amplification kit; Panomics, Inc., Fremont, CA). The strategy of multiple

oligonucleotide probe set design and the probe set of mouse Cyps have been

described previously (Cheng et al., 2005; Hartley and Klaassen, 2000). The

luminescence for each gene is reported as relative light units (RLUs) per 10 lg

of total RNA. The data were normalized to glyceraldehyde-3-phosphate

dehydrogenase.

Liver microsomes. Microsomal samples were prepared from mouse livers as

described previously (Chen et al., 2003). Briefly, 200–300 mg liver was minced in

10 ml of ice-cold homogenizing buffer (0.15M KCl, 50mM Tris-HCl [pH 7.4],

containing 25 lg/ml leupeptin, 50 lg/ml aprotinin, 40 lg/ml phenylmethylsul-

phonyl fluoride, 0.5 lg/ml pepstatin, and 50 lg/ml antipain). The minced tissue

was poured into a dounce homogenizer (Kontes, Vineland, NJ) and homogenized

on ice for 10 strokes. Homogenates were filtered through one layer of gauze

sponges (Tyco Healthcare Group LP, Mansfield, MA), and centrifuged at 10,000

3 g for 20 min at 4�C. The supernatant was collected and centrifuged again at

100,000 3 g for 1 h at 4�C. The resulting pellets were dissolved in resuspension

buffer (0.25M sucrose, 10mM HEPES [pH 7.5], and 40 lg/ml phenyl-

methylsulphonyl fluoride) and stored at �80�C. Microsomal protein concen-

trations were determined using a Bradford protein assay kit from Sigma.

Nuclear protein extraction. Nuclear proteins from mouse livers were

extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagent kit

(Pierce Biotechnology, Inc., Rockford, IL), according to the manufacturer’s

instruction.

Western blots. Microsomal protein samples mixed with sample loading

buffer (75 lg protein/lane) were loaded after heating onto a 10% sodium

dedecyl sulfate-polyacrylamide gel. Following electrophoresis, proteins in the

gel were electrotransferred to a nitrocellulose membrane for 4.5 h at 34 V at

4�C. Membranes were blocked for 2 h at room temperature with 5% nonfat dry

milk in Tris–buffered saline containing 0.1% Tween-20 (TBS-T). Blots were

then incubated overnight with polyclonal antibody of each Cyp antibody at

4�C. Polyclonal antibodies of anti-rat Cyp2B1/2, anti-rat Cyp4A1/2/3, and anti-

mouse CAR1/2 (M-150) were diluted (1:200) in 2.5% nonfat dry milk in TBS-T

buffer. b-Actin protein was used as loading control using a b-actin antibody.

After thorough washing (three 20-min washes with excess TBS-T), blots were

incubated with goat anti-rabbit IgG horseradish peroxidase-linked secondary

antibody (1:5000 dilution with 5% nonfat milk in TBS-T) for 1 h. Blots were

washed again. Immunoreactive bands were detected with an enhanced chemical

luminescence kit (Pierce Biotechnology, Inc., Rockford, IL). Protein bands of

interest were visualized by exposure to Fuji Medical X-Ray film. Protein band

intensities on the films were quantified with Quantity One 1-D Analysis

Software (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis. Each data point represents the mean ± SEM. Data

were analyzed by one-way ANOVA, followed by Duncan’s post hoc test using

Statistica software (StatSoft Inc., Tulsa, OK). Statistical significance was set at

p < 0.05. When only the difference between control and PFDA treatment was

determined, data were analyzed by Student’s t-test, and statistical significance

was considered at p < 0.05.

RESULTS

Effects of PFOA and PFDA on Cyp1A1/2, 2B10, 3A11, and
4A14 mRNA Expression in Mouse Livers

mRNA levels of cytochrome p450s after PFOA and PFDA

administration were quantified (Fig. 1). PFOA increased

mRNA expression of Cyp2B10 (18-fold), 3A11 (1.8-fold),

and 4A14 (32.4-fold). PFDA increased mRNA levels of

Cyp2B10, 3A11, and 4A14 approximately 24-, 2.1-, and 35-

fold, respectively. However, neither PFOA nor PFDA altered

mRNA expression of Cyp1A1/2. Therefore, at the transcrip-

tional level, PFDA and PFOA markedly increased Cyp2B10

and 4A14 mRNA expression, increased Cyp3A11 somewhat,

and did not increase Cyp1A1/2. Thus, regulation of Cyps by

PFOA and PFDA was focused mainly on the regulation of

Cyp2B10 and 4A14 in the following studies.

Effects of PFOA and PFDA on Cyp2B and 4A Protein
Expression in Mouse Livers

To determine whether the PFOA- and PFDA-induction in

Cyp mRNA also results in increased protein, Cyp2B and 4A
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protein levels were evaluated after PFOA and PFDA

administration (Fig. 2). Two days after administration, PFOA

increased protein levels of Cyp2B and 4A about 68- and

seven-fold, respectively. Two days after PFDA treatment,

Cyp2B and 4A protein levels increased approximately 45- and

14-fold, respectively. Therefore, similar to regulation at the

mRNA level, PFOA and PFDA markedly increase Cyp2B and

4A protein levels.

Due to the similarity in regulation of mouse Cyp2B10 and

4A14 by PFOA and PFDA, further experiments to determine

the mechanism of induction of Cyps by PFOA and PFDA,

focus on PFDA as the inducer.

Dose-Response of PFDA on Cyp2B10 and 4A14 mRNA
Expression in Mouse Livers

PFDA increased Cyp2B10 mRNA levels at the dose of 80

mg/kg, and increased Cyp4A14 mRNA levels at the dose of 10

mg/kg or higher (Fig. 3). Specifically, PFDA increased mRNA

expression of Cyp2B10 (1.8-fold) and 4A14 (2.8-fold) at the

dose of 10 and 0.25 mg/kg of body weight, respectively. As the

dose of PFDA was increased, the mRNA expression of both

Cyp2B10 and 4A14 increased. PFDA at 80 mg/kg increased

the mRNA level of Cyp2B10 and 4A14 approximately 22- and

43-fold, respectively. The induction of mouse Cyp2B10 and

4A14 mRNA by PFDA have quite different dose-responses,

with Cyp4A14 being induced at lower doses and Cyp2B10 at

much higher doses.

Effects of PFDA on Cyp2B10 and 4A14 mRNA Expression in
WT and PPAR-a-Null Mice

PFDA is a well-known peroxisome proliferator, and a PPAR-a
agonist (Cai et al., 1995; Cimini et al., 2000; Johnson and

Klaassen, 2002). Therefore, PPAR-a-null mice were used to

determine the role of PPAR-a in PFDA’s ability to induce

Cyp2B10 and 4A14 by PFDA. As shown in Figure 4, disruption

of PPAR-a did not alter constitutive Cyp2B10 mRNA abun-

dance. However, PFDA increased Cyp2B10 mRNA 9.5-fold in

WT mice, and more in PPAR-a-null mice (29-fold). Elimination

of functional PPAR-a protein, as illustrated in the PPAR-a-null

mice, decreased the constitutive mRNA of Cyp4A14. PFDA

increased Cyp4A14 mRNA expression 17-fold in the WT mice.

PFDA increased Cyp4A14 in the PPAR-a-null mice, but much

less compared with that in the WT mice.

Effects of PFDA on Cyp2B10 and 4A14 mRNA Expression in
WT and CAR-Null Mice

Cyp2B10 is a known target gene of the CAR signaling

pathway (Honkakoski et al., 1998). Therefore, CAR-null mice

FIG. 1. Effects of PFOA and PFDA on mRNA expression of Cyp1A1/2,

2B10, 3A11, and 4A14 in mouse livers. Adult male C57BL/6 mice (n ¼ 5 per

treatment) were administered a single i.p. dose of PFOA (40 mg/kg), PFDA

(80 mg/kg), or the vehicle propylene glycol:water (1:1, vol/vol). After 4 days,

mouse livers were collected. Total RNA from control or PFOA/PFDA-treated

mice (n ¼ 5 per treatment) was analyzed by the bDNA assay for the mRNA

expression of each Cyp. The data are reported as RLU per 10 lg of total

RNA, and are presented as mean ± SEM. Asterisks indicate statistically

significant differences between control and PFOA- or PFDA-treated male

mice (p < 0.05).

FIG. 2. Effects of PFOA and PFDA on protein expression of Cyp2B and

4A in mouse livers. Adult male C57BL/6 mice (n ¼ 5 per treatment) were

administered a single i.p. dose of PFOA (40 mg/kg), PFDA (80 mg/kg), or the

vehicle propylene glycol:water (1:1, vol/vol). After 4 days, mouse livers were

collected. Microsomal protein from control or PFOA-/PFDA-treated mouse

livers (n ¼ 5 per treatment) was analyzed by western blots for the protein

expression of each Cyp. (a) Protein levels of Cyp2B and 4A in mouse liver

microsomes were analyzed by Western blotting. (b) Protein levels of Cyp2B

and 4A in mouse liver microsomes are expressed as ratio of each Cyp to b-actin

protein levels per 75 lg microsomal protein. Data are presented as mean ±

SEM. Asterisks indicate statistically significant differences between control and

PFOA- or PFDA-treated male mice (p < 0.05).

REGULATION OF MOUSE CYPs BY PFOA AND PFDA 31



were used in the present study to determine the role of CAR in

the ability of PFDA to induce Cyp2B10 and 4A14. As shown

in Figure 5, PFDA treatment increased mRNA expression of

Cyp2B10 and 4A14 in WT mice. However, in CAR-null mice,

induction of Cyp2B10 by PFDA was completely abolished

(Fig. 5). In contrast, Cyp4A14 upregulation by PFDA was

maintained in CAR-null mice.

Effects of PFDA on Cyp2B10, 3A11, and 4A14 mRNA
Expression in WT and PXR-Null Mice

PXR is involved in the regulation of Cyps including the

Cyp3A family and Cyp2B genes. Therefore, PXR-null mice

were used to determine the role of PXR in the ability of PFDA

to induce Cyp2B10, 3A11, and 4A14. As shown in Figure 6,

PFDA treatment increased Cyp2B10, 3A11, and 4A14 mRNA

in PXR-null mice, similar to the increase in WT mice.

Effects of PFDA on Cyp2B10 and 4A14 mRNA Expression in
WT and FXR-Null Mice

PFDA is a perfluorinated fatty acid. The main agonists for

FXR are bile acids, however fatty acids are also ligands for

FXR (Zhao et al., 2004). Therefore, it was determined whether

upregulation of Cyps by PFDA is mediated through FXR

activation. As shown in Figure 7, disruption of FXR increased

constitutive Cyp2B10 mRNA 6.4-fold. PFDA increased

Cyp2B10 mRNA levels 10.7-fold in WT mice, and even more

in FXR-null mice (35-fold). Elimination of functional FXR

protein also increased constitutive Cyp4A14 mRNA abundance

about 7.6-fold. PFDA increased Cyp4A14 mRNA expression

in both FXR-null and WT mice.

Regulation of Cyp2B by PFDA in FXR-null mouse liver

was further characterized at the protein level. As shown in

Figure 8, PFDA increased Cyp2B protein levels 3.4-fold in WT

mice, and much more in FXR-null mice (17.6-fold).

Effects of PFOA and PFDA on Nuclear Levels of CAR
Protein

As shown in Figure 9, PFOA and PFDA increased nuclear

CAR protein levels 4- and 7.3-fold, respectively.

Effects of PFOA and PFDA on mRNA Expression of
Transcription Factors CAR and PPAR-a

PFOA and PFDA increased CAR mRNA expression 1.9-

and 2.7-fold, respectively (Fig. 10). PFOA and PFDA tended to

increase PPAR-a mRNA, but it was less than 50%, and was not

statistically significant.

DISCUSSION

The present study demonstrates that two perfluorocarboxylic

acids, PFOA and PFDA, markedly increase the expression of

FIG. 3. Dose-response of PFDA on mouse Cyp2B10 and 4A14 mRNA

expression. Adult C57BL/6 male mice were administered i.p. with PFDA at

various doses (0.5, 1.0, 10, 20, 40, and 80 mg/kg of body weight) for two days,

whereas control mice treated i.p. with the vehicle, propyleneglycerol:water

(1:1, vol/vol). Individual RNA samples from treated male mouse livers (n ¼ 4)

were analyzed by the bDNA assay. Data are expressed as mean ± SEM of (fold

of control) at each dose. Asterisks indicate statistically significant differences

between control and PFDA-treated male mice (p < 0.05).

FIG. 4. Effects of PFDA on Cyp2B10 and 4A14 mRNA expression in WT

and PPAR-a-null mice. The mouse treatments were separated into 4 groups:

WT þ CON, WT mice treated with the vehicle, propyleneglycerol:water (1:1,

vol/vol); WT þ PFDA, WT mice treated with PFDA at dose 40 mg/kg of body

weight; PPAR KO þ CON, PPAR-a-null mice treated with the vehicle; PPAR

KO þ PFDA, PPAR-a-null mice treated with PFDA. The mice were treated for

two days. Total RNA from treated mouse livers was analyzed by the bDNA

assay. All data were expressed as mean ± SEM of four to five mice for each

treatment. Asterisk indicates statistically significant difference between treated

and control mice (p < 0.05). Single dagger (†) represents statistically significant

differences (p < 0.05) between the vehicle-treated WT male mice and the

vehicle-treated PPAR-a-null male mice.
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Cyp2B10 and 4A14 at both mRNA and protein levels.

However, PFOA and PFDA only minimally increased

Cyp3A11 mRNA, and did not alter Cyp1A1/2 mRNA

expression. The dose-response for induction of Cyp2B10 and

4A14 mRNA by PFDA was different, with Cyp4A14 being

induced by PFDA at doses as low as 0.25 mg/kg, whereas

Cyp2B10 induction only occurred at high doses (> 10 mg/kg).

Different potency for Cyp2B10 and 4A14 induction by PFDA

suggests that different mechanisms are responsible for the

induction. In addition, PFDA increased CAR mRNA level

2.7-fold (Fig. 10) and nuclear CAR protein 7.3-fold (Fig. 9),

which is essential for Cyp2B10 induction.

Chemicals increase the expression of their target Cyps by

distinctive signaling pathways: AhR ligands increase Cyp1A1;

CAR activators increase Cyp2B10; PXR ligands increase

Cyp2B10 and 3A11; and PPAR-a ligands increase Cyp4A14.

Therefore, PFDA might increase Cyp2B10 and 4A14 expression

via activation of CAR, PXR, and PPAR-a nuclear receptors. As

demonstrated in the present study, induction of Cyp2B10 by

PFDA is via activation of CAR, whereas upregulation of mouse

Cyp4A14 by PFDA is mediated through activation of PPAR-a.

Induction of the Cyp1A family of proteins, in particular

Cyp1A1, is a hallmark response of exposure to combustion

FIG. 5. Effects of PFDA on Cyp2B10 and 4A14 mRNA expression in WT

and CAR-null mice. The black and the dark-latticed bars represent regulation of

each Cyp by vehicle treatment; the striated bars depict regulation of each Cyp

by PFDA treatment. Adult C57BL/6 WT or CAR-null male mice were treated

with the vehicle, propyleneglycerol:water (1:1, vol/vol) or PFDA at dose 50

mg/kg of body weight. The mice were treated for two days. Total RNA from

untreated or treated mouse livers was analyzed by the bDNA assay. All data

were expressed as mean ± SEM of five mice for each treatment. Asterisk

indicates statistically significant difference between PFDA-treated and control

mice (p < 0.05); Single dagger (†) represents statistically significant differences

(p < 0.05) between the vehicle-treated WT male mice and the vehicle-treated

CAR-null male mice.

FIG. 6. Effects of PFDA on Cyp2B10, 3A11, and 4A14 mRNA

expression in WT and PXR-null mice. The black and the dark-latticed bars

represent regulation of each Cyp by vehicle treatment; the striated bars depict

regulation of each Cyp by PFDA treatment. Adult C57BL/6 WT or PXR-null

male mice were treated with the vehicle, propyleneglycerol:water (1:1, vol/vol)

or PFDA at dose 50 mg/kg of body weight. The mice were treated for two days.

Total RNA from untreated or treated mouse livers was analyzed by the bDNA

assay. All data were expressed as mean ± SEM of five mice for each treatment.

Asterisk indicates statistically significant difference between PFDA-treated and

control mice (p < 0.05). Single dagger (†) represents statistically significant

differences (p < 0.05) between the vehicle-treated WT male mice and the

vehicle-treated PXR-null male mice.

FIG. 7. Effects of PFDA on Cyp2B10 and 4A14 mRNA expression in WT

and FXR-null mice. The black and the dark-latticed bars represent regulation of

each Cyp by vehicle treatment; the striated bars depict regulation of each Cyp

by PFDA treatment. Adult C57BL/6 WT or FXR-null male mice were treated

with the vehicle, propyleneglycerol:water (1:1, vol/vol) or PFDA at dose 50

mg/kg of body weight. The mice were treated for two days. Total RNA from

untreated or treated mouse livers was analyzed by the bDNA assay. All data

were expressed as mean ± SEM of five mice for each treatment. Asterisk

indicates statistically significant difference between PFDA-treated and control

mice (p < 0.05). Single dagger (†) represents statistically significant differences

(p < 0.05) between the vehicle-treated WT male mice and the vehicle-treated

FXR-null male mice.
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products and other environmental contaminants that activate

the AhR (Denison and Deal, 1990; Whitlock, 1999). However,

the present study showed that PFDA and PFOA do not alter

Cyp1A1 mRNA expression (Fig. 1). This is consistent with

a previous report that showed that PFDA is not a AhR ligand

(Brewster and Birnbaum, 1989).

Perfluorocarboxylic acids, including PFOA and PFDA, are

well-known peroxisome proliferators and PPAR-a agonists.

PPAR-a is activated by endogenous ligands, such as poly-

unsaturated fatty acids and by synthetic agonists, such as the

fibrate class of drugs. PPAR-a is expressed mainly in liver,

kidney, and skeletal muscle and it induces enzymes involved in

fatty acid oxidation (Gouni-Berthold and Krone, 2005). In the

present study, PFDA increased Cyp4A14 mRNA expression in

mice, as has previously been shown in rats (Chinje et al., 1994;

Johnson and Klaassen, 2002; Kudo et al., 2000). The data in

this manuscript indicates that induction of Cyp4A by PFDA is

mediated by activation of PPAR-a, as the induction of

Cyp4A14 by PFDA is markedly attenuated in the PPAR-

a-null mice (Fig. 4).

Cyp2B10 induction by PFDA is independent of PPAR-a
activation (Fig. 4). However, induction of Cyp2B10 by PFDA

requires CAR activation (Fig. 5). A recent manuscript showed

that PFOA dose-dependently increased Cyp2B10 in both WT

and PPAR-a-null mouse livers and that there is a high

correlation in gene regulation by PFOA, TCPOBOP, and

phenobarbital (Rosen et al., 2008). However, they did not

clarify whether induction of Cyp2B10 by PFOA is through

CAR activation. In the present study, by using CAR-null mice,

as depicted in Figure 5, Cyp2B10 induction by PFDA did not

occur in the CAR-null mice. In addition, PFDA treatment

increased mRNA expression and nuclear translocation of CAR

(Figs. 9 and 10). Therefore, in addition to activating PPAR-a,

PFDA can induce some Cyps by activating the nuclear receptor

CAR. A recent paper showed that PPAR-a agonists Wy-

14,643, ciprofibrate, and clofibrate function as CAR antago-

nists by interrupting coactivator recruitment to the CAR ligand

binding domain, reduce the transactivation of CAR, but do not

alter Cyp2b10 expression in mouse liver (Guo et al., 2007).

However in the present study, PFOA and PFDA, two other

PPAR-a agonists, promote nuclear translocation of CAR and

its activation, as well as induce Cyp2b10 expression in mouse

FIG. 8. Effects of PFDA on Cyp2B protein expression in WT and FXR-

null mouse livers. The black and the dark-latticed bars represent regulation of

Cyp2B protein by vehicle treatment; the striated bars depict regulation of

Cyp2B protein by PFDA treatment. Adult C57BL/6 WT or FXR-null male

mice were given a single i.p. administration with the vehicle, propyleneglycer-

ol:water (1:1, vol/vol) or PFDA at dose 50 mg/kg of body weight. Mouse livers

were collected after two days. Microsomal protein from control or PFDA-

treated mouse livers (n ¼ 3/treatment) was analyzed by Western blots for the

protein expression of Cyp2B. (a) Protein levels of Cyp2B in mouse liver

microsomes were analyzed by Western blotting. (b) Protein levels of Cyp2B in

mouse liver microsomes are expressed as ratio of Cyp2B to b-actin protein

levels per 75 lg microsomal protein. Data are presented as mean ± SEM.

Asterisks indicate statistically significant differences between control and

PFDA-treated male mice (p < 0.05).

FIG. 9. Effects of PFOA and PFDA on nuclear levels of CAR protein in

mouse livers. (a) Protein levels of CAR and beta-actin in mouse liver nuclei

were analyzed by Western blotting. (b) Protein levels of CAR in mouse liver

nuclei are expressed as ratio of CAR to b-actin protein levels per 50 lg nuclear

protein. Data are presented as mean ± SEM. Asterisks indicate statistically

significant differences between control and PFOA- or PFDA-treated male mice

(p < 0.05).
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liver (Figs. 1, 2, 5, 9), suggesting that PFOA and PFDA work

as agonists of CAR. Therefore, individually, PPAR-a ligands

can work as either agonists or antagonists of CAR.

PXR, a xenobiotic sensor, has been shown to play roles in

regulating detoxification enzymes (Cheng and Klaassen, 2006),

is a major transcription factor for Cyp3A gene regulation, and

can also regulate Cyp2B gene expression (Xie et al., 2000).

However, as shown in the present study, PXR is not required

for induction of Cyp2B10 and 4A14 by PFDA (Fig. 6).

PFDA is a perfluorinated fatty acid. Fatty acids can activate

FXR (Zhao et al., 2004). In the present study, FXR was shown

not to be essential for PFDA to induce Cyps. However,

disruption of FXR increased constitutive mRNA expression

of Cyp2B10 and 4A14, consistent with previous reports

(Guo et al., 2003; Marschall et al., 2006; Schuetz et al.,
2001). In addition, disruption of FXR enhanced the induction

of Cyp2B by PFDA in mouse livers at both the mRNA

and protein levels (Figs. 7 and 8). It has been previously shown

that FXR-null mice have increased CAR mRNA (Guo et al.,
2003). Therefore, both PFDA administration and loss of FXR

function (as demonstrated in FXR-null mice) induces CAR

expression. The marked induction of Cyp2B mRNA and

protein by PFDA in FXR-null mice might be due to the

increased CAR levels.

Taken together, PFDA and PFOA increase the expression of

Cyp2B10 and 4A14 in mouse liver. At relatively low doses

(0.25 mg/kg), PFDA activates PPAR-a, and thus increases

Cyp4A14 expression. In contrast, at high doses (> 10 mg/kg),

PFDA activates both CAR and PPAR-a nuclear receptors, and

increases the expression of Cyp2B10 and 4A14, respectively.

Therefore, PPAR-a and CAR play central roles in regulating

mouse Cyps by PFDA. Considering the previous industrial use

and the public health concern of perfluorochemicals, the

current studies provide important insight into the mechanisms

by which perfluorocarboxylic acids alter the physiology of

animals.
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